Long non-coding RNAs (lncRNAs) are crucial molecules in tumorigenesis and tumor growth in various human cancers, including colorectal cancer (CRC). Studies have revealed that lncRNAs can regulate cellular processes in cancers by interacting with proteins, for example RNA-binding proteins (RBPs). In this study, we recognize a novel lncRNA called LINC01413 that is upregulated in CRC tissues through lncRNAs microarray. Subsequently, we confirmed that an elevated level of LINC01413 expression in CRC tissues was strongly correlated to clinicopathological features, such as tumor size, tumor stage, lymph node metastasis, and distant metastasis, and its association with poor overall survival was also revealed. Additionally, LINC01413 facilitates cell proliferation, migration, invasion, and epithelial-mesenchymal transition (EMT) in vitro. Also, silenced LINC01413 restrains tumor growth in vivo. Moreover, LINC01413 binds with hnRNP-K and induces YAP1 (yes-associated protein 1)/TAZ1 (tafazzin) nuclear translocation to regulate the expression of ZEB1 in CRC cells. Taken together, this research suggested LINC01413 as a positive regulator in CRC progression through the LINC01413/hnRNP-K/TAZ1/ YAP1/ZEB1 axis, broadening a new view on CRC treatment.
INTRODUCTION
Colorectal cancer (CRC) is the third most prevalent and lethal type of malignancy in the world. 1 Despite great improvements in diagnostic and therapeutic techniques, the prognosis of CRC patients remains poor. [2] [3] [4] Actually, about 90% of mortality from CRC is due to distant metastasis, and epithelial-mesenchymal transition (EMT) is noted as the major contributing factor of metastasis. 5 Long non-coding RNAs (lncRNAs) are transcripts with more than 200 nt that have no protein-coding potential. 6 Increasing evidence has illustrated that lncRNAs are involved in many diseases and that dysregulation of lncRNAs contributes to tumorigenesis in various cancers. [7] [8] [9] Recently, lncRNAs have been reported as an EMT modulator in cancers. For instance, lncRNA plays important roles in the EMT process in ovarian cancer. 10 lncRNA XLOC_000647 exerts functions in EMT-induced cell invasion via downregulating NLRP3. 11 In addition, several lncRNAs have also been proven to influence EMT in CRC. As an example, TUG1 triggers EMT in CRC by prompting KIAA1199 expression via miR-600. 12 Also, LINC01133 restrains EMT and metastasis in CRC by interacting with SRSF6. 13 LINC01413 is a novel lncRNA that locates in 15q21.3, and its role or function in CRC remains unclear.
The EMT, once thought to be essential during embryonic development, has been increasingly reported in human cancers recently due to its role in tumor invasion and metastasis. 14, 15 The full process of EMT involves a complex genetic program, including losing epithelial character and acquiring mesenchymal and motility properties. 5 Normal or tumor epithelial cells initiate EMT once separated from their neighbors and migrating away. 16, 17 There are several factors that have been regarded as main regulators of EMT, such as Snail, ZEB, and Twist families. [17] [18] [19] Additionally, the expression of these regulators is stringently modulated by various cell-intrinsic pathways and extracellular signals in the processes of transcription and translation, as well as protein stability control. 20, 21 Moreover, recent studies have certified that lncRNAs or microRNAs (miRNAs) could also regulate the occurrence of EMT. 22, 23 For example, lincRNA-ROR is an EMT inducer and a contributor to the tumorigenesis and metastasis of breast cancer. 24 However, the regulation network of EMT is still not well understood, and thus it requires further study.
The Hippo pathway is evidenced as typical anti-tumor signaling during cancer development. 25 Activation of this pathway is determined by the phosphorylation of two core factors, YAP1 (yes associated protein 1) and TAZ1 (tafazzin). 26 YAP and TAZ are critical transcriptional regulators that are pervasively activated and essential for the initiation and development of human malignancies. 27 Normally, YAP and TAZ are phosphorylated by LATS1 or LATS2 so that they are unable to translocate into nucleus, leading to transrepression of their targets, which play a role during tumorigenesis and cancer progression. 28 Furthermore, the Hippo pathway has also been revealed to exert important functions in intestinal disease, including CRC. 29 In this study, we investigated the specific role as well as the potential mechanism of LINC01413 in CRC.
RESULTS

LINC01413 Is Upregulated in CRC Tissues and Cell Lines and Indicates Poor Prognosis for CRC Patients
To explore the transcriptome changes in CRC, total RNAs obtained from three pairs of CRC tissues and corresponding normal tissues were analyzed by using high-throughput RNA sequencing. We revealed that a total of 473 lncRNAs are differentially expressed, among which 43 exhibit more than 15-fold variation, including 26 lncRNAs with high expression and 17 lncRNAs with low expression (Figure 1A ). Then, we tested the five most upregulated lncRNAs among the 26 above-mentioned candidates in CRC cell lines, including LINC01413, LINC02043, LINC01836, MIR4713, and LRP1-AS. As a result, LINC01413 and LINC02043 were found to be highly expressed while the other three genes changed little in five CRC cell lines compared to the normal colon epithelial cell line NCM460 (Figure 1B) . Based on these results, we further explored the role of LINC01413 in CRC, which exhibited the highest expression in CRC cell lines among the five lncRNAs detected.
First, we proved again that LINC01413 expression is notably enhanced in CRC cell lines ( Figure 1C ). Furthermore, we also observed LINC01413 upregulation in 92 of the CRC tissues in comparison with paired non-tumor tissues ( Figure 1D ). In addition, CRC tissues with distant metastasis showed higher levels of LINC01413 expression than did those without distant metastasis ( Figure 1E ). Moreover, LINC01413 level seemed to be closely related to TNM (tumor, node, metastasis) stages because patients at a more advanced stage usually expressed a high LINC01413 level in contrast to those at earlier stages ( Figure 1F ). These data suggest that LINC01413 may function as an oncogene in CRC.
To further analyze the role of LINC01413 in CRC, the 92 CRC patients with multiple clinicopathological characteristics were divided into two groups according to high (n = 49) or low (n = 43) LINC01413 expression. As shown in Table 1 , high levels of LINC01413 were accompanied with large tumor size (p = 0.002), higher TNM stage (p = 0.006), lymph node metastasis (p = 0.036), and distant metastasis (p = 0.019) in patients, whereas its expression hardly correlated with age or sex. Moreover, the Cox proportional hazards model applied in multivariate analysis elucidated that LINC01413 expression (p = 0.034) can serve as an independent predictor for CRC prognosis, as can TNM stage (p = 0.032) and lymph node metastasis (p = 0.019) ( Table 2) . Furthermore, the results of Kaplan-Meier analysis and a log-rank test implied that higher LINC01413 expression tended to lead to poorer overall survival ( Figure 1G ). These observations suggested that enhanced LINC01413 may play a role in the progression of CRC.
LINC01413 Regulates Cell Proliferation, Apoptosis, Migration, Invasion, and EMT in CRC Cells
To make sure of the role of LINC01413 in CRC progression, a short hairpin RNA (shRNA) targeting LINC01413 was designed and transfected into LoVo cells, and the cells exhibited a relatively low level of LINC01413 (Figure 2A , left). Meanwhile, LINC01413 was overexpressed in HT29 cells after transfecting with pGIPZ/ LINC01413 (Figure 2A , right). The 3-(4,5-dimethylthiazol-2-yl)-2,5-dimethyltetrazolium bromide (MTT) assay results indicated that silencing LINC01413 remarkably inhibited cell viability compared with the negative control shRNA group in LoVo cells, whereas overexpression of LINC01413 in HT29 cells exhibited an opposite effect ( Figure 2B ). In comparison with the negative controls, knockdown of LINC01413 increased the proportion of apoptotic cells, whereas overexpression of LINC01413 apparently hampered cell apoptosis ( Figures 2C and 2D ). In other words, LINC01413 promotes CRC cell growth in vitro.
To explore the effect of LINC01413 on tumor metastasis in CRC, a Transwell assay was first employed in vitro to test cell migration and invasion capacities. Compared with the negative control, cell migratory ability was evidently suppressed after silencing high Proportional hazards method analysis showed a positive, independent prognostic importance of LINC01413 expression (p = 0.034). p < 0.05 was considered statistically significant.
LINC01413 in LoVo cells, and, conversely, it was markedly enhanced in LINC01413-overexpressed HT29 cells ( Figures 2E  and 2F ). Similarly, the invasion ability of CRC cells was controlled along with LINC01413 knockdown while being strengthened along with overexpression, just as for the same trend of cell migratory ability ( Figures 2G and 2H ). Furthermore, we assessed whether LINC01413 influences EMT, a hallmark of metastasis in CRC. The immunofluorescence (IF) staining showed that LINC01413 inhibition increased the expression of E-cadherin but decreased that of Vimentin, while LINC01413 upregulation diminished Vimentin expression but improved E-cadherin level ( Figure 2I ). Furthermore, silencing LINC01413 caused an increased expression of epithelial markers, including E-cadherin and b-catenin, whereas it decreased the levels of mesenchymal markers such as Vimentin and N-cadherin in LoVo cells; however, overexpression of LINC01413 showed an inverse impact on the expression of these genes ( Figures 2J and 2K ). Consistently, the results of western blots further justified the observations above ( Figure 2L ). These investigations reveal that LINC01413 contributes to tumor metastasis of CRC.
LINC01413 Knockdown Blocks Tumorigenesis and Tumor Metastasis of CRC In Vivo
To further validate the promoting role of LINC01413 in CRC cell growth and metastasis, LINC01413-silenced LoVo cells were injected into nude mice while the shCtrl-transfected LoVo cells acted as the control. Consequently, the in vivo xenograft experiments demonstrated that tumors originating from shLINC01413-transfected cells are remarkably smaller than those from control cells ( Figure 3A ). As shown in Figures 3B and 3C , obvious reductions of tumor volume and weight were found in tumors derived from cells with LINC01413 silencing compared to those from controls. Moreover, the in vivo metastasis assays represented that LINC01413 inhibition markedly lessened the metastatic tumors secondary to the lung when compared to the lungs of control mice ( Figures 3D and 3E ). Moreover, silenced LINC01413 significantly increased E-cadherin expression but decreased N-cadherin expression, and the level of ZEB1 protein, which plays a key part in EMT, was also confined under LINC01413 depletion ( Figure 3F ). Altogether, we illustrated that LINC01413 serves an oncogenic and metastasis-promoting role in vivo. 
LINC01413 Modulates ZEB1 Expression through Promoting YAP1/TAZ1 Complex Translocation into Nucleus
To probe the underlying pathway involved in the function of LINC01413 on CRC progression, we first screened the mRNA differential expression profiles of LoVo and HCT-116 cell lines before and after LINC01413 interference by high-throughput microarray technology. It was found that a total of 673 mRNAs were dysregulated (fold change R2.0), among which 214 were upregulated and 459 were downregulated ( Figure S1 ). Then, the results from Gene Ontology (GO) and pathway analysis revealed that LINC01413 function is mainly related to the Hippo signaling pathway and cell migration ( Figure S2 ). Then, the Pearson correlation coefficient between LINC01413 and other differentially encoded genes was calculated and we found that LINC01413 was significantly correlated with ZEB1, which can initiate EMT. Therefore, we hypothesized a regulatory relationship between LINC01413, ZEB1, and the Hippo signaling pathway during formation of the malignant phenotype in CRC.
To validate this hypothesis, we first examined whether LINC01413 regulates the expression of ZEB1, YAP1, and TAZ1 by quantitative real-time PCR and western blot analysis. As shown in Figure 4A , ZEB1 expression declined significantly, whereas the expression of YAP1 and TAZ1 barely changed with the knockdown of LINC01413 in LoVo cells. However, overexpression of LINC01413 upregulated ZEB1, whereas it failed to alter the expression of YAP1 and TAZ1 ( Figure 4B ). Next, the western blot results showed that the protein levels of ZEB1, YAP1, and TAZ1 changed in the same trend as mRNA levels, except that the phosphorylation levels of YAP1 (at site Ser 127 ) and TAZ1 (at site Ser 89 ) were greatly upregulated in LINC01413-silenced LoVo cells but downregulated in response to LINC01413 overexpression ( Figure 4C ). These findings implied that LINC01413 hinders YAP/TAZ phosphorylation so as to inactivate Hippo pathway.
As is well known, the YAP/TAZ complex has been revealed to exert its carcinogenic function in cancers through the transcriptional activation of target genes in the nucleus. Therefore, we detected the level of YAP1 and TAZ1 in the cytoplasm and nucleus using western blot assay. As a consequence, YAP1 and TAZ1 were found to be highly expressed in cytoplasm and expressed at low levels in nucleus in LINC01413-silenced LoVo cells, whereas they were expressed at low levels in cytoplasm and highly expressed in nucleus in LINC01413-overexpressed HT-29 cells, which indicated that LINC01413 affects the intranuclear and extranuclear distribution of YAP1 and TAZ1 ( Figures 4D and 4E ). Furthermore, we also discovered that ZEB1, an EMT activator that has been reported as a target of YAP/TAZ, 30 was remarkably upregulated in CRC tissues and was positively correlated with LINC01413 in 92 CRC tissues ( Figures 4F  and 4G ). Moreover, the UCSC genome browser suggested that TEAD4 is a possible transcription factor regulating ZEB1 transcription ( Figure S3A ). According to the TEAD4-binding motif obtained from JASPAR (http://jaspar.genereg.net/) ( Figure S3B ), we discovered that TEAD4 is most likely to bind to the ZEB1 promoter at the À1245 to À1250 site upstream of the transcriptional start site (TSS) ( Figure 4H ). Furthermore, we observed that the ZEB1 promoter is highly enriched by anti-TEAD4, anti-YAP1, and anti-TAZ1 ( Figure 4I ). Also, we suggest that the luciferase activity of the ZEB1 promoter was clearly enhanced under YAP1 and TAZ1 overexpression or LINC01413 upregulation, but it was reduced under LINC01413 inhibition ( Figures 4J and 4K ), proving that LINC01413 reinforces ZEB1 transcription via a YAP/TAZ-mediated manner.
Additionally, it seems that LINC01413 also influences the transcription of CYR61 and CTGF, two well-known targets downstream YAP/ TAZ, because we observed that LINC01413 depletion decreased the binding of YAP/TAZ to their promoters and consequently resulted in the decline of luciferase activities of their promoters ( Figures  S4A and S4B ). These findings suggest that LINC01413 upregulates ZEB1 expression in CRC cells through enhancing the transcriptional activity of the YAP1/TAZ1 complex.
LINC01413 Stimulates Nuclear Translocation of the YAP1/TAZ1 Complex by Binding with hnRNP-K
Recently, many reports have revealed that lncRNAs can regulate gene expression through interacting with proteins. Thus, we suspected that LINC01413 may have an impact on YAP/TAZ in such a way. Through an RNA pull-down assay and mass spectrometry, we found that there are 27 proteins interacting with LINC01413, among which hnRNP-K showed the highest binding score ( Figure 5A ; Table 3 ), and the interactivity of LINC01413 with hnRNP-K was further confirmed by RNA pull-down and an RNA immunoprecipitation (RIP) assay ( Figures 5B and 5C ). Through prediction by the online tool RNA-Protein Interaction Prediction (RPISeq) (http://pridb.gdcb.iastate. edu/RPISeq/), we found that LINC01413 has a high potential to bind with hnRNP-K at 0-198 bp upstream of the 3 0 end of LINC01413 (shown in red in Box 1), among which the sequence at 67-98 bp upstream of the 3 0 end of LINC01413 (further highlighted in yellow in Box 1) maintains the highest conservatism and the highest binding potential (Box 1). More importantly, it exhibited that hnRNP-K no longer interacts with LINC01413 when the sequence 67-98 bp upstream of the 3 0 end of LINC01413 mutated ( Figure 5D ). Moreover, the fluorescence in situ hybridization (FISH) results represented that both LINC01413 and hnRNP-K are expressed not only in the nucleus but also in the cytoplasm, and, more importantly, the colocalization of these two genes was also displayed here ( Figure 5E ). These data reveal the direct interaction between LINC01413 and hnRNP-K in CRC cells.
To explore whether LINC01413 exerts its effects on CRC via hnRNP-K, the following experiments were conducted. First, we found that altering hnRNP-K expression had no influence on LINC01413 expression ( Figure S4C ). Interestingly, silencing hnRNP-K led to noticeable downregulation of ZEB1, stimulated phosphorylation of YAP1 as well as TAZ1, and blocked their nuclear translocation, with total levels of YAP1 and TAZ1 rarely changed ( Figure S4D) , similar to results observed in LoVo cells upon LINC01413 silencing ( Figure 4E ). Nevertheless, opposite phenomena were shown in hnRNP-K-overexpressed HT-29 cells ( Figure S4E ). These results highlight that LINC01413 stimulates YAP1/TAZ1 nuclear translocation by relying on hnRNP-K to modulate YAP1/TAZ1/ZEB1 signaling.
Next, we sought to identify the detailed mechanism whereby the LINC01413/hnRNP-K axis affects YAP1/TAZ1 nuclear translocation. Due to the ability of hnRNP-K to interact with a range of molecular partners, including DNA, RNA, and proteins, we speculated that LINC01413 promotes YAP1/TAZ1 nuclear translocation through recruiting hnRNP-K. To verify this speculation, co-immunoprecipitation (coIP) analysis was applied. It was shown that the enriched YAP1, TAZ1, and LINC01413 in the hnRNP-K-precipitated complex were all diminished under LINC01413 depletion, and upregulating hnRNP-K partly recovered the enrichment of only YAP1/TAZ1. In contrast, ectopic LINC01413 remarkably boosted YAP1/TAZ1/LINC01413 in hnRNP-K immunoprecipitates, and sh-hnRNP-K co-transfection normalized YAP1/TAZ1 enrichment ( Figure 5F ). Furthermore, hnRNP-K stimulation reversed the accumulation of cytoplasmic YAP1/TAZ1 and decreased nuclear YAP1/TAZ1 caused by LINC01413 silencing, whereas hnRNP-K inhibition offset the stimulatory impact of forced LINC01413 expression on YAP1/TAZ1 nuclear translocation ( Figure 5G ). Such phenomena were further confirmed by western blot analyses ( Figure 5H ). Taken together, LINC01413 promotes YAP1/TAZ1 translocation into nucleus via an hnRNP-Kdependent manner.
The LINC01413/hnRNP-K/TAZ1/YAP1/ZEB1 Axis Stimulates Formation of a Malignant Phenotype in CRC Subsequently, we attempted to verify whether LINC01413 functions in CRC through modulating the hnRNP-K/TAZ1/YAP1/ZEB1 axis. First, the effect of hnRNP-K on LINC01413-affected YAP1/TAZ1/ ZEB1 signaling was estimated. As displayed in Figure 6A , overexpression of hnRNP-K neutralized the decrease of ZEB1 levels and the increase of p-YAP1 and p-TAZ1 levels in LINC01413-silenced LoVo cells. Accordingly, its knockdown reversed the increase of ZEB1 expression as well as the decrease of the phosphorylation levels of YAP1 and TAZ1 in HT-29 cells in the context of LINC01413 overexpression. Moreover, overexpressed hnRNP-K impaired the impact of shLINC01413 on reducing nuclear harvest of YAP1/TAZ1 and stimulating cytoplasmic accumulation of YAP1/TAZ1 in LoVo cells, whereas hnRNP-K silence manifested an opposite effect on the distribution of YAP1/TAZ1 in LINC01413-upregulated HT-29 cells (Figure 6B) , revealing that the translocation of YAP1/TAZ1 is regulated by the LINC01413/hnRNP-K axis.
Thereafter, we further investigated regulation of the LINC01413/ hnRNP-K axis on the biological behaviors of CRC cells. As shown in Figures 6C and CD, cell viability and apoptosis influenced by LINC01413 inhibition or overexpression were reversed in response to hnRNP-K upregulation or downregulation, respectively. Results of the Transwell assay revealed that co-transfection of pGIPZ/ hnRNP-K recovered cell migration and invasion abilities of LoVo cells, which were confined by LINC01413 inhibition, and hnRNP-K silencing led to opposite results ( Figures 6E and 6F) . Additionally, the impact of LINC01413 silencing or enhancement on EMT process in CRC cells was counteracted by hnRNP-K overexpression or depletion, respectively ( Figure 6G ). Importantly, we found that expression of ZEB1 declined at both mRNA and protein levels, but levels of p-YAP1 (Ser 127 ) and p-TAZ1 (Ser 89 ) were augmented (with the mRNA and protein levels of YAP1 and TAZ1 being unaffected) in in vivo tumors in the context of LINC01413 knockdown ( Figure S4F ). In conclusion, these observations prove that LINC01413 promotes tumorigenesis and metastasis in CRC through modulating the hnRNP-K/TAZ1/YAP1/ZEB1 axis.
In summary, our study provides the first evidence that LINC01413 contributes to CRC tumorigenesis and development by recruiting hnRNP-K to promote nuclear translocation of YAP1/TAZ1 so as to inspire ZEB1 expression, thus enhancing EMT and metastasis in CRC (Figure 7) .
DISCUSSION
CRC is one of the most frequent human cancers in the world and occupies fourth place in the ranking of the primary causes of cancerassociated death. 31 Upon most occasions, CRC cases are divided into four stages according to clinical symptoms, and an advanced stage usually leads to poor prognosis. 32, 33 In the past decade, lncRNAs have been identified to be as important in cell biology as are miR-NAs. 8 The dysregulation of lncRNAs has been suggested to be associated with a number of human diseases, cancer included. 9,34-36 For These chaperonins were screened out using RNA immunoprecipitation and mass spectrometry.
example, the lncRNA UICLM accelerates CRC liver metastasis by functioning as a competing endogenous RNA (ceRNA) of ZEB2 via sponging miR-215. 34 In the present study, we reveal a novel lncRNA LINC01413 as a facilitator in human CRC based on its promoting role in CRC cell growth and metastasis as evidenced by vitro and in vivo experiments.
Tumor metastasis accounts for a large proportion of cancer-caused death, and EMT is regarded as a key step in tumor metastasis because it increases cancer cell motility and invasiveness. 14 EMT occurs when epithelial cells differentiate into a mesenchymal phenotype and obtain the abilities of motility and invasion, which are strongly related to metastasis. 15 Also, EMT is controlled by a number of factors, among which ZEB1 is a primary factor of the network of transcription factors that activates EMT. 37 Additionally, lncRNAs have also been found to play roles in this process. 38 For instance, lncRNA NKILA suppresses transforming growth factor b (TGFb)-induced EMT by blocking nuclear factor kB (NF-kB) signaling in breast cancer. 39 In our study, we found that LINC01413 also functions as a positive regulator of EMT in CRC through a ZEB1-mediated way. Also, we show that the impact of LINC01413 on EMT in CRC is closely related to the Hippo pathway, a well-known tumor suppressive pathway. 40 Furthermore, we prove that ZEB1 is transcriptionally regulated by YAP/TAZ, which is concordant with the evidence that ZEB1 is a target of YAP/TAZ, as supported by a previous report. 30 hnRNP-K, belonging to the heterogeneous nuclear ribonucleoproteins (hnRNPs) family, is a kind of RNA-binding protein (RBP) that is of great importance in post-transcriptional events, in which lncRNAs are usually implicated. 41 In addition, aberrant hnRNP-K expression usually leads to tumorigenesis. [42] [43] [44] [45] For example, hnRNP-K is a haplo-insufficient tumor suppressor that regulates proliferation and differentiation programs in hematologic malignancies. 46 Furthermore, hnRNP-K has been reported to function in various cellular processes, such as transcription, mRNA splicing to translation, as well as chromatin remodeling, 47 and such a role of hnRNP-K has been shown to be associated with its diverse interaction with RNA, DNA, and proteins. 48 Currently, we observed the interactivity of hnRNP-K not only with LINC01413, but also with the YAP1/ TAZ1 complex, which is the key protein in Hippo signaling, revealing the cross-talk among LINC01413, hnRNP-K, YAP1, and TAZ1 in CRC cells. Recently, studies have revealed that lncRNAs can obstruct YAP phosphorylation by interacting with YAP protein through direct or indirect manners. For instance, lncARSR directly interacts with YAP to prevent LATS1-induced YAP phosphorylation. 49 lncRNA B4GALT1-AS1 enhances YAP transcriptional activity in colon cancer by interacting with YAP and inducing its nuclear translocation. 50 Also, Lin et al. 51 reported that a UCA1/AMOT/YAP interaction complex contributes to YAP dephosphorylation and nuclear translocation. Herein, we discovered that the LINC01413/hnRNP-K/YAP1/ TAZ1 complex hinders YAP1 and TAZ1 phosphorylation to block their degradation, resulting in enhanced nuclear translocation of YAP1 and TAZ1 in CRC cells. On this basis, LINC01413 boosts ZEB1 transcription in CRC cells. Herein, we found that the accelerating role of LINC01413 in CRC cell growth and metastasis is mediated by ZEB1 through LINC01413/hnRNP-K/YAP1/TAZ1 signaling.
All in all, the current study primarily elaborates that the LINC01413/ hnRNP-K/YAP1/TAZ1/ZEB1 axis promotes CRC progression, especially EMT-accelerated metastasis. Our findings identify LINC01413 as a novel potential prognostic and therapeutic target in CRC, exploiting a new path for the treatment of CRC patients, although there is still a long way to go until its eventual application.
MATERIALS AND METHODS
Microarray Analysis
For lncRNA analysis, three CRC tissues and corresponding non-tumor tissues were used for the microarray detection of lncRNAs. These patients had neither other underlying diseases, such as diabetes or hypertension, nor the reception of any other treatments prior to surgery. lncRNA microarray detection (H1602063, Arraystar_-Human_ LncRNA_8x60k v3.0 1-color) was carried out and analyzed by Shanghai Bohao Biotechnology (Shanghai, China), and a total of 473 lncRNAs were found to be differentially expressed between tumor and non-tumor tissues, with 43 being changed 14-fold or more, among which 26 were upregulated and 17 were downregulated.
For mRNA analysis, extracted RNA was transcribed and amplified into fluorescent cRNA after removing the rRNA (mRNA-ONLY eukaryotic mRNA isolation kit, Epicenter Biotechnologies, Madison, GGGAACAAGGGGCTGTCATTTGTCTTTTTCTTTGGGATGGTGAGC  AGTGAGCAGGGCACGCCGCGAGGAGCAAACTGCAGCCCAAGC  ACACGCGGTCAGCACGCGGAGCACAGGTGGGGAGAAGCGGCT  GACGGTGGCGTGGCCCCGCGTACCTGGGTGTGGACGCCCCGCC  GCCCCGCAGGGGAAAGCTCCTGGAGTCTGGGGTCTGCTGCCCC  GAGCTCTGGGTGTCCAGCCTCTGCCTCAACTGAAATCTGAAGA  TCAGGCCAATTTCGTGGTCTCTCAGACGTCGGTAAACAAGAGGC  CTTGGCTCCTCAGGAGACCGAGAGTCTCTCACTGTACTTCCTTC  TCTTGGCTCCAAGGACATAGAACGGTTGCTATGGGGATTCCTT  CATTTGTAAAGACAATCATGCTGGCTGTTAGTGAAGAATGGCC  TGGAGCACTGGGTCTCCGCCCCAGCTGCCTGGGAGAAACTGT  GTTGAAGGAGCCATACCCCCTGGCCTCCCCTCCAGACTCCAGA  CAACCCCAGTCAGCTGGCTGGGAGGGAGGCAGAAGAGAAACA  GGGGTGCACCTGGGGCTCCTGCAGGGGTCCAGCCAGGAGATG  GGGGCAACTTGGACAGGGACGATCCTGGGAAGGGCAGGAGG  AGGAGTGAGACCTGGCCTGCCCTCTCCCTAGAGGCTCATCAGC  TCCCTGGAGACAGACACGCCCTGGTTCCTTTCCCTATGCCTGG  AGCCTGGGTACCAGCTATTGAAAACTGCTTTTCTCCTTGTTCAT  TCAAACATATTCACACATAAAGGTTGTCATTCCTTTTTGTCACT  ATTTGACAAAAATTGGATCATACCGTATACAATTCTCTGCTATT  TGTTTTGCTCACCTAACAATAAATACACTGTGAAAAATA RPISeq predicted that hnRNP-K might bind with LINC01413 at 0-198 bp upstream of the 3 0 end of LINC01413 (shown in red), with the sequence of 67-98 bp upstream of the 3 0 end of LINC01413 (highlighted in yellow) maintaining the highest conservatism and the highest binding potential.
WI, USA). Then, cRNAs were tagged and hybridized onto the Human MRNA Array v3.0 (8 Â 60 K, Arraystar, Rockville, MD, USA). The arrays were scanned by the Agilent G2505C scanner after washing, and the array images acquired were analyzed by the Agilent Feature Extraction software (version 11.0.1.1). The GeneSpring GX v11.5.1 software package (Agilent Technologies) was used to perform quantile normalization following data processing. Based on fold change filtering, genes with a fold change R2.0 or %0.5 were identified to be differentially expressed, and the expression profiles were visualized by using the Molecular Signatures Database (MSigDB, http://www. broadinstitute.org/msigdb). The microarray detection of mRNAs was also performed by Shanghai Bohao Biotechnology (Shanghai, China).
GO Analysis and Pathway Analysis
GO and pathway analyses were conducted as described 52 to better understand the roles of these differentially expressed genes. In this process, three independent categories, including biological process (BP), cellular component (CC), and molecular function (MF), were all derived from the GO Consortium website (http://www. geneontology.org). 52 The Database for Annotation, Visualization and Integrated Discovery (DAVID, http://david.abcc.ncifcrf.gov/) was applied to assess the changes of the upregulated and downregulated genes. The biological pathways with obvious enriched genes that were differentially expressed were analyzed by the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://www. genome.jp/kegg/).
Tissue Specimens
A total of 92 pairs of tumor and adjacent non-tumor tissues were used in this study. These tissue specimens were obtained from CRC patients who underwent surgical operations in The First Hospital of Wenzhou Medical University. None of the patients suffered from chemotherapy or radiotherapy prior to surgery. This study was approved by the Ethics Committee of The First Hospital of Wenzhou Medical University (with the ethical approval no. YS2019-373). All patients signed the personal informed consent.
Cell Culture
The normal human colon epithelial cell line (NCM460) and five CRC cell lines (SW480, SW620, HCT-116, HT-29, and LoVo) were obtained from the American Type Culture Collection (Manassas, VA, USA). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS; Wisent, Ottawa, ON, Canada), 100 U/mL penicillin, and 100 mg/mL streptomycin (Invitrogen), and the cells were kept under humid condition at 37 C with 5% CO 2 .
Cell Transfection
Cells were inoculated in six-well plates at a concentration of 2 Â 10 5 per well and maintained at 37 C in an incubator overnight. The silencing or overexpressing recombinant plasmids (shLINC01413 and shCtrl; pGIPZ/LINC01413 and pGIPZ/control; sh-hnRNP-K and shCtrl; pGIPZ/hnRNP-K and pGIPZ/control) were all constructed via pSUPER-EGFP1 vector. Thereafter, the plasmids were transfected into indicated cells as required by using Lipofectamine 2000 (Invitrogen), and the stably transfected ones were selected using G418 (Clontech, CA, USA). These stable cells were collected and kept for future use.
RNA Isolation and Quantitative Real-Time PCR
TRIzol reagent (Invitrogen) was used to extract total RNA from tissues and cells. NanoDrop 2000c (Thermo Scientific, Waltham, MA, USA) was applied to determine the RNA concentration and quality. After that, a reverse transcription kit (Takara, Tokyo, Japan) was used to transcribe the RNA reversely into cDNA, and quantitative real-time PCR was evaluated using SYBR Green (Takara). GAPDH was used as the normalized control. The primers used for quantitative real-time PCR are as follows: 
MTT Assay
An MTT assay was used to determine cell viability. All of the cells were added into 96-well plates at a concentration of 5 Â 10 3 cells/well. After a 48-h incubation, 20 mL of MTT (5 mg/mL; Sigma-Aldrich) was added into each well and the cells were then maintained in a humidified incubator. Four hours later, the supernatant was removed and 50 mL of DMSO was added to every well to dissolve the formazan. Then, the cell viability of different treated cells was determined by detecting the absorbance in the wave of 490 nm normalized to non-treated cells.
Cell Apoptosis Analysis
First, cells were placed in Petri dishes (10-cm diameter, 3 Â 10 4 cells/dish), and cells in each dish were incubated with 2 mg/mL cisplatin for 48 h after growing to cover 80% of the entire dish. Then, flow cytometry analysis was carried out to evaluate the apoptosis rate of the cells collected from each dish using the annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining method (Beyotime, China).
Transwell Assays
For cell migration assays, cells (1 Â 10 5 ) maintained in the medium without FBS were placed into the upper compartment (Millipore, Billerica, MA, USA), and the medium in the lower compartment was supplemented with 10% FBS, which functions as a chemoattractant. After incubation for 24 h, cells traveling through the pores were fixed and stained with crystal violet. Then, the cells in five random fields were counted with an inverted microscope. For cell invasion assays, all of the steps were the same as for the migration assays except that cells were seeded in the upper Transwell inserts, which had been coated with Matrigel (BD Biosciences, New York, NY, USA) for 30 min at 37 C. All data were obtained from three independent assays.
IF Staining
Cells were placed on coverslips in 24-well plates and then washed with cold PBS three times. Then, the coverslips were fixed with 4% formaldehyde and immunostained using monoclonal antibodies of E-cadherin and Vimentin. After that, DNA of these cells was stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). The Alexa Fluor 546 (red) goat anti-rabbit antibody (Molecular Probes, OR, USA) was used for E-cadherin (no. 14472, 1:50; Cell Signaling Technology, Boston, MA, USA) and Vimentin (sc-66002, 1:50; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Immunofluorescence was determined using confocal microscopy (Leica TCS SP5).
In Vivo Assays
For in vivo xenograft experiments, a total of eight BALB/C-nu/nu mice with an age of 5 weeks were raised in a specific pathogen-free (SPF) environment with air conditioning. These mice, half males and half females, were randomly divided into two groups (four mice per group), and then LoVo cells (1 Â 10 6 cells per mouse) transfected with shLINC01413 or empty vector were inoculated in mice at the left flank, respectively. Then, the tumors grown in two groups were measured every 4 days until mice were sacrificed. After the mice were sacrificed, these tumors were excised, weighed, and photographed. In respect to in vivo metastasis experiments, LINC01413silenced LoVo cells or the corresponding control cells were injected into the tail veins of mice. After 6 weeks of injection, all of the mice above were euthanized, and all of the tumors were finally paraffin embedded. All animal experiments in our study were approved by the Animal Welfare and Research Ethics Committee at The First Hospital of Wenzhou Medical University and were carried out strictly according to the Guide for the Care and Use of Laboratory Animals.
Subcellular Fractionation Location
The PARIS kit (Life Technologies, Carlsbad, CA, USA) was used to separate the nuclear and cytosolic fractions of cells on the basis of the manufacturer's recommendations.
RNA Pull-Down Assay LINC01413 RNA was transcribed with T7 RNA polymerase (Roche) and then biotin labeled using biotin RNA labeling mix (Roche). The RNA pull-down assay was carried out by using a magnetic RNAprotein pull-down kit (Thermo Fisher Scientific) on the basis of the manufacturer's instructions. Biotinylated LINC01413 was hatched at 4 C with streptavidin beads overnight. After adding cell lysate, the system was incubated for another 4 h at 4 C. Then, beads were washed three times and the level of hnRNP-K protein in the eluted complex was analyzed using western blotting.
RIP Assays
RIP experiments were carried out by using a Magna RIP RNA-binding protein immunoprecipitation kit (Millipore, USA) under the manufacturer's protocols. hnRNP-K antibody for the RIP assay was purchased from Abcam (Cambridge, MA, USA).
CoIP Assay
Cells were lysed with lysis buffer (50 mmol/L Tris-HCl [pH 7.5], 150 mmol/L NaCl, 0.2% Nonidet P-40, 5% glycerol, 1% [v/v] Tween 20, protease inhibitor cocktail [Roche]). Then, the cell lysates were centrifuged at 12,000 Â g at 4 C for 10 min and incubated with hnRNP-K antibody (ab52600, Abcam) at 4 C for 3 h. After that, protein A/G Sepharose beads (Santa Cruz) were added and incubated overnight. On the next day, the Sepharose beads were washed three times using lysis buffer, and the proteins or RNAs immunoprecipitated by hnRNP-K were determined using western blot or northern blot analysis.
FISH
FISH assays were carried out as previously described. 53 
Western Blot
The proteins isolated from cells were separated using 10% SDS-PAGE and then transmitted to nitrocellulose (NC) membranes (Sigma, San Francisco, CA, USA). After that, the membranes were incubated with primary antibodies overnight, followed by incubation of horseradish peroxidase (HRP)-conjugated secondary antibodies (no. ab6728, 1:5,000; Abcam, UK) for another 1 h. The primary antibodies used in this study are as follows: anti-E-cadherin (no. 14472, 1:1,000), anti-b-catenin (no. 8480, 1:1,000), anti-N-cadherin (no. 13116, 1:1,000), anti-hnRNP-K (no. 9081, 1:1,000), anti-YAP (no. 14074, 1:1,000), anti-phospho-YAP (Ser 127 ) (no. 13008, 1:1,000), anti-TAZ (no. 70148, 1:1,000), anti-phospho-TAZ (Ser 89 ) (no. 59971, 1:1,000) (all of the above were purchased from Cell Signaling Technology, Boston, MA, USA); anti-Vimentin (sc-66002, 1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-ZEB1 (A301-921A, 1:2,000; Bethyl Laboratories, USA); and anti-GAPDH (G5262, 1:1,000; Sigma-Aldrich). GAPDH served as a normalized control, and proteins were captured using SuperSignal chemiluminescence substrate (Pierce, Thermo Scientific, Waltham, MA, USA) and analyzed by ImageJ (National Institutes of Health, USA).
